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1. Introduction 
Functional changes of DNA-dependent RNA poly- 
merase caused by mutations have so far exclusively been 
assigned to the &subunit which determines sensitivity 
or resistance to streptolydigin, rifampicin and strepto- 
varicin [ 1 -I] . 
This has two main causes: first, selection procedures 
for polymerase mutants were commonly based on the 
use of rifamycin or other specific inhibitors of the en- 
zyme [S-12]. Second, many mutants exhibiting 
significant changes in in vivo transcription yield an 
RNA polymerase not significantly different from the 
wildtype enzyme in the usual test system [ 13- 171. 
A close linkage of the 0 and 0 genes within one 
operon has been demonstrated both biochemically 
[ 181 and genetically [ 191. As will be shown in this 
paper the tsX-mutation found in E. coli K12 strains 
Ts 19 [21] and T 16 [22] by a streptomycin method 
[23] is a genetic marker for the @-subunit. An en- 
zymological comparison of the T16 enzyme with 
wildtype RNA polymerase reveals differences which 
might be due to the lesion in 0’. 
Other possible mutations in RNA polymerase 
gene(s) have not yet been assigned to subunits [20]. 
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2. Experimental 
2.1. Bacterial strains 
Wildtype E. coli K12 and the mutant T16 
(F;thi, tsX,str-r) [22] were grown in a rich medium (2% 
meat extract, 3% peptone from cas:in, 2.4% yeast 
extract and 0.5% NaCl) in a 300 1 fermenter (Bio-engi- 
neering) at 37°C and 32°C respectively and harvested 
during the late log phase. 
2.2. RNA polymerase purification 
Normal enzyme was prepared as previously de- 
scribed [24]. For the preparation of mutant T16 en- 
zyme a modified method had to be used because of the 
marked lability of this enzyme. All preparations were 
done in magnesium-free TA buffer (0.05 M Tris, pH 
7.5, 0.022 M NHaCl, 0.001 M EDTA, 0.02 M /3-mer- 
captoethanol, 20% glycerol). The debris was removed 
from the homogenate by centrifugation in a Sorvall 
centrifuge. The supernatant was precipitated with 
polimin P. The precipitate was washed three times 
with 0.4 M NH4Cl and then eluted three times with 
1 .O M NHaCl in TA buffer. The eluate was subjected 
to precipitation at 5% (NH~)* SO4 saturation. Since 
dialysis after this step invariably resulted in rapid, 
complete and irreversible loss of activity, the redissolv- 
ed precipitate was desalted by chromatography over 
a Sephadex G25 column. The protein-containing frac- 
tions were applied to a DNA-agarose [25] column 
and eluted with a linear gradient ranging from 0.1 to 
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1.2 M NHI, Cl in TA buffer, the active enzyme appear- 
ing in a broad peak from 0.4 to 0.6 M NHQCl. The 
enzyme (fraction IV) was precipitated at 50% ammo- 
nium sulfate saturation and dissolved in 50% glycerol 
TA and stored in liquid nitrogen. 
Fraction IV enzyme has a specific activity of 9.2 
nM AMP/mg/min incorporated at 30°C (9.2 mU/mg) 
corresponding to a 90-fold enrichment from the crude 
extract. Further purification by centrifugation on a su- 
crose glycerol gradient yielded a maximal specific activ- 
ity of 10 to 16 mU/mg and a 50% pure enzyme as shown 
by polyacrylamid-gel electrophoresis, but only a 20% 
recovery of enzyme activity. Most contaminants could 
be easily removed by electrophoresis on cellogel [2]. 
Subsequent reconstitution of full enzyme from isolat- 
ed subunits [4] yielded a specific activity between 4 
and 6 mU/mg. 
2.3, Reconstitution of isolated subunits 
Preparation of subunits was performed as previously 
described [2,29] by electrophoresis on cellogel strips 
(Chemetron, Milano) and subsequent excision and cen- 
trifugation of the strips containing the subunit bands 
[2] . The procedure for mixed reconstitution is report- 
ed elsewhere [4,26] . 
2.4. Assay 
Enzymatic activity was tested by standard test 
conditions [ 271 with modifications described in the 
legends. Ts -phage DNA was used as a template. 
2.5. Analytical procedures 
Polyacrylamid-gel electrophoresis was run in loga- 
rithmic gradient gels from 7.5% to 20% [28] . Protein 
was determined as described [2]. 
3. Results and discussion 
3 .I. Enzymologikal differences between wildtype and 
mutant enzymes 
As shown in fig.1, the broad pH-optimum for T16 
enzyme ranges between pH 6.8 and 7.4, whereas the 
optimum for normal enzyme is pH 7.9 [27] where the 
mutant enzyme is inhibited by 50%. 
The salt requirements for optimal activity are also 
different for T16 and for wildtype enzyme. At constant 
Mg” concentration of 0.03 M, the dependence of wild- 
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Fig. 1. pH-Dependence of T16 enzyme as compared with that 
of normal enzyme. pH was adjusted at 30°C by mixing Tris 
acetate buffers of varying pH with unbuffered reagents. The 
actual mixture lacking only enzyme contained in a total volume 
of 1 ml: 0.1 ml 0.3 M Tris buffer, 1 mM CTP, GTP, UTP, 0.03 
mg T, -DNA, 0.12 M NH, Cl, 0.03 M Mg acetate, 200 ccg BSA, 
0.2 mM [“Cl ATP, 1 Ci/mole, pH was measured again at 30°C 
before addition of 18.1 erg T 16 or 2.35 ng normal enzyme 
respectively to aliquots of 0.25 ml. The tune of incubation 
was 20 min, the temperature 30°C. 
type enzyme activity on NH4Cl concentration at pH 
7.0 is similar to that found by Fuchs et al. [27] at pH 
7.9 (fig.2) with two activity peaks at 0.1 M and around 
0.23 M NH4Cl. T16 enzyme has only one activity max- 
imum at 0.1-O. 12 M NH,, Cl under these conditions. 
On the other hand, an increase of Mg2’ concentration 
from 0.03 to 0.07 M at optimal NH4 Cl concentration 
(0.12 M) and pH (7.0) increases the specific activity of 
mutant enzyme 2.5-fold, whereas that of wildtype 
enzyme remains almost unchanged. 
The specific activity of mutant enzyme is several- 
fold lower than that of wildtype enzyme, even under 
conditions optimal for T16 RNA polymerase. 
In contrast to wildtype, T16 enzyme is quite unstable 
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Fig. 2. Dependence of T16 and wildtype enzyme on NH, Cl 
concentration. The amounts of T16 and normal enzyme and 
the test conditions were as described in the legend of fig.1 at 
pH 6.8, except for varying concentrations of NH,Cl as indi- 
cated in fig.2. 
even at 0°C. As demonstrated by gradient centrifugation 
it shows a great tendency to dissociate into subunits or 
complexes of subunits and also to form aggregates even 
at 0.5 M NHdCl. On the other hand it may be reconstitut- 
ed from isolated subunits with an activity yield compar- 
able to that of wildtype enzyme. 
There is some evidence that the tsX mutation inter- 
feres with the interaction of enzyme and DNA [ 2 I ] . 
Preliminary results indicate that the heparin stable 
complex [29 ] of T 16 enzyme with DNA is formed 
more slowly than with normal enzyme. Nevertheless, 
the decay of a complex formed with T16 enzyme 
follows the same kinetics as that of a complex formed 
with wildtype enzyme not only at 30°C but even at 
40°C [29]. This indicates that a step prior to formation 
of the heparin stable complex is influenced by the mu- 
tation. 
The marked temperature sensitivity of T16 enzyme 
comprises two different effects. 1) At 40°C T16 enzyme 
is subject to a first order inactivation with a half life of 
7 min, which is not observed at 30°C. Wildtype enzyme 
is stable at both temperatures (fig.3). 2) No RNA-syn- 
thesis can be observed at 40°C. Temperature shift to 
30°C restores the activity of the surviving fraction of 
the enzyme. 
This thermosensitivity is also exhibited by enzymes 
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Fig. 3, Stability of T16 and wildtype enzyme at 30°C and 
40°C. Wildtype enzyme (0.235 mg) and T16 enzyme (0.09 
mg) were diluted in reconstitution buffer [2] containing BSA 
in a concentration of 0.5 mg/ml to a total volume of 0.035 
ml each. A first sample was taken for determination of the 
zero point. Then the mixtures were preincubated at 30°C or 
40°C. 0.005 ml aliquots were taken at 2,5,10 and 20 min 
and tested at pH 7.1 for 20 min at 30°C. Specific activity 
of [“Cl ATP was 5 Ci/mol. Specific activity of normal 
enzyme: 53.5, of T 16 enzyme: 9.2 mU/mg. 
from several other strains bearing the tsX mutation (ts19, 
R8, R3) [21]. 
3.2. tsX is a mutation in the 0’ gene 
A first assignment of 0 to the tsX mutation could 
be achieved by complementation of inactivated enzyme 
preparations or crude extracts with pure wildtype 0’ 
yielding reactivated and temperature independent en- 
zyme. Normal subunits (Y and B were unable to comple- 
ment T16 extracts. Final proof was obtained by mixed 
reconstitution of mutant with wildtype subunits. The 
products were preincubated either at 30°C or at 40°C 
and assayed for remaining enzyme activity at 30°C 
(fig.4). 
The wildtype reconstituate and the mixed reconsti- 
tuates containing mutant (Y and /3 retained essentially 
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Fig. 4. Activity and temperature sensitivity of reconstituted RNA polymerase. After mixing subunits in stoichiometric amounts 
(0.2 mg/ml each) reconstituates were kept at 20°C for 20 min, then gradually warmed to 30°C for another 20 min. One half of 
each sample was further incubated at 3O”C, the other at 40°C. Aliquots were removed at the indicated times and assayed for 
residual activity at 30°C. 10 ~1 of enzyme, containing 2 pg, were added to prewarmed assay mixture (240 ~1) cf. fig.3. 30 set later, 
10 ~1 heparin (20 mg/ml) was added, to prevent initiation by enzyme reactivated uring the assay. Specific activity of [“Cl ATP 
was 5 Ci/mol. Encircled symbols designate subunits derived from T16 enzyme. 
100% of their zero tune activity after 60 min of incu- 
bation at either 30°C or4O”C. The mutant reconsti- 
tuate and the mixed reconstituate containing mutant 
$ also retained their zero time activity at 30°C for 
60 min, but lost all their activity after 5 min of incu- 
bation at 40°C. In addition, at 30°C all reconstituates 
with 0 derived from T16 enzyme had only 1% of 
the specific activity of reconstituates containing 
wildtype 6 regardless of the origin of 1y and /3. 
The properties of the T16 enzyme such as low spe- 
cific activity, even at permissive temperatures, and 
thermosensitivity can be transferred only by the $- 
subunit, giving clear evidence that the tsX mutation is 
located in the 0’ gene. It was shown [21] that the rif 
and the tsX locus are closely linked. This is consistent 
with evidence that /3 and p’ are in one operon [ 19,201. 
Since enzymes with the tsX mutation are inhibited in 
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the binding to DNA [21] this finding supports evidence 
for the involvement of 0’ in DNA binding [ 291 . The 
genetic finding that two rif-r-mutations are incompati- 
ble with tsX [22] points to a structural incompatibility 
of the mutant /3 and $-subunits. Other double muta- 
tions rif-r-tsX are viable, indicating a mutual influence 
of /3- and $-subunits, as the ability of the enzyme to 
bind rifampicin is partially restored in these strains [22] . 
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